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Abstract

Nontreated control and 1-MCP-treated fruit of the scald-susceptible ‘Law Rome’ and scald-resistant ‘Idared’ cultivars were
compared with respect to scald incidence, internal ethylene concentration &&)esene metabolism, and expression of
the gene encoding-farnesene synthasAkESY), the final, rate-limiting enzyme in the-farnesene biosynthetic pathway. The
incidence of scald in nontreated ‘Law Rome’ apples after 20 weeks aCOpfus 1 week at 20C averaged 86%; 1-MCP
treatment reduced increases in IEC and reduced the incidence of scald to less than 1%. Fruit of ‘Idared’ showed no scald
regardless of the treatment. 1-MCP also inhibitefArnesene production, suggesting that ethylene induces transcription of key
genes involved ime-farnesene biosynthesis. In both ‘Law Rome’ and ‘Idared’, a sharp incre@deStmRNA during the first
4-8 weeks of storage preceded a proportional risefarnesene and a subsequent increase in CTols. However, maximum levels
of AFS1ltranscript,a-farnesene, and CTols were, respectively, 2.5-, 4-, and 33-fold greater in ‘Law Rome’ than in ‘Idared’
apples. 1-MCP suppressed the increaseSHB1transcript andx-farnesene early in storage, althouRS1expression and
a-farnesene synthesis had recovered in treated ‘Law Rome'’ fruit after 20 weeks, consistent with increasing IEC in these fruit.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

* Corresponding author. Tel.: +1 301 504 6984: Superficial scald, a physmloglcgl storage disorder
fax: +1 301 504 5107. of apples and pears which manifests as brown or
E-mail addresswhitakeb@ba.ars.usda.gov (B.D. Whitaker). ~ black patches on the fruit skin, results from necrosis
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of the hypodermal cortical tissud&in and Mercer,
1963 and is thought to be induced or exacerbated
by oxidation products of the sesquiterpeteH)-o-
farneseneHuelin and Coggiola, 1970a, 1970b; Anet,
1972; Whitaker et al., 2000; Rowan et al., 2Druit
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sively via the mevalonic acid pathway, rather than
the chloroplastic deoxyxylulose phosphate pathway.
The final, rate-limiting enzyme in the pathway is

a-farnesene synthase (FS), which converts farnesyl
diphosphate (FDP) ta-farneseneRupasinghe et al.,

of scald-susceptible apple cultivars, such as ‘Granny 1998, 2000l We recently cloned and expressed the

Smith’, ‘Law Rome’, and ‘Delicious’ typically exhibit
a relatively high rate o&-farnesene synthesis shortly

gene encoding FS from peel tissue of scald-susceptible
‘Law Rome’ apple fruit AFS1 GenBank accession

after they are placed in low-temperature storage, which number AY182241), and moreover, we determined
results in a marked accumulation of the sesquiterpenethat an ethylene-dependent four-fold increasafs1

in the skin and epicuticular coating during the first
8-12 weeksHKuelin and Coggiola, 1968; Anet, 1972;
Whitaker et al., 1997, 1998The concentration ok-

transcript occurred during the initial 4 weeks of stor-
age in air at 0.5C (Pechous and Whitaker, 2004
In this investigation, we cloned the corresponding

farnesene subsequently plateaus and then declines a&\FS1gene from fruit of the scald-resistant cultivar
its conjugated triene oxidation products increase to a ‘ldared’ (accession number AY523409) and compared

maximum at about 16—24 weekdelin and Coggiola,
1970a; Anet, 1972; Whitaker et al., 1997, 1998
The primary in vivo oxidation products of-

AFSlexpression during storage of ‘Law Rome’ and
‘Idared’ apples with respect to ethylene regulation,
and in relation to the accumulation ef-farnesene

farnesene that accumulate in apple epicuticular wax and CTols and the post-storage incidence of superficial
and peel tissue during cold storage have been iden-scald.

tified as conjugated trienols (CTols)E@nd & iso-
mers of 2,6,10-trimethyldodeca-2,7,9,11-tetraen-6-ol
(Rowan et al., 1995; Whitaker et al., 199Applica-
tion of these CTols and their corresponding hydroper-
oxides to apple fruit prior to storage induced symptoms
indistinguishable from naturally-occurring superficial
scald Rowan et al., 2001 Pre-storage treatment of ap-
ples with the antioxidant diphenylamine (DPA) inhibits
oxidation ofa-farnesene and largely prevents develop-
ment of scaldifluelin and Coggiola, 1970avioreover,
exposure of apple fruit to the blockers of ethylene ac-

2. Materials and methods

2.1. Plant material, fruit treatment and storage,
and tissue sampling

‘Law Rome’ and ‘Idared’ appleMalus domestica
Borkh.) fruit were harvested at commercial maturity
from the Cornell University orchard at Lansing, NY.
On the day of harvest, fruit were randomly allocated

tion diazocyclopentadiene and 1-methylcyclopropene to treatments. Replicate samples of 10 fruit were used

(1-MCP) greatly curtailsx-farnesene production and
markedly reduces scald incidence and sevefiygr(g

and Tian, 1998; Fan et al., 1999; Rupasinghe et al.,

2000a; Watkins et al., 2000; Shaham et al., 20B&-
sults from the studies with 1-MCP, as well as several
previous reportsWatkins et al., 1993, 1995; Du and

for measurement of internal ethylene concentration
(IEC), and then peeled to obtain the tissue samples
at harvest, which were immediately frozen in liquid
N». Three replicate boxes of 100 fruit were treated
with 1pl1~1 1-MCP (SmartFrest¥', Agrofresh, Inc.,
Spring House, PA) in separate plastic containers as

Bramlage, 1994; Whitaker and Solomos, 1997; Ju and described bywatkins et al. (2000)Nontreated con-

Curry, 20003, have shown that ethylene production

trol fruit were sealed in identical containers without 1-

and perception, and tissue responsiveness to ethyleneMCP for the same duration. All fruit were subsequently

are involved in regulation af-farnesene synthesis and
induction of scald in apple fruit.

Studies utilizing radiolabeled precursorRupa-
singhe et al., 2001or a statin inhibitor of 3-hydroxy-
3-methylglutaryl-Coenzyme A reductase (HMGR)
(Ju and Curry, 2000bhave shown that in apple
peel tissuex-farnesene is synthesized almost exclu-

stored in air at 0.8C and ~65% relative humidity.
Nontreated fruit were sampled at4, 8,12, and 20 weeks,
whereas 1-MCP-treated fruit were sampled at 4 and 20
weeks. At each sampling time, 10 fruit were removed
from each treatment replicate, IEC was measured, the
fruit were peeled around the circumference, and the
tissue was immediately frozen in liquidpNEach 10-
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fruit sample was processed individually immediately
after removal from storage, while the fruit were still
cold. To determine IEC, a 1 ml gas sample was with-
drawn from the core of each apple using a 1 ml plas-
tic syringe and analyzed by gas chromatography with
flame ionization detection using a Hewlett-Packard
5890 Series Il gas chromatograph (Agilent Technolo-
gies, Avondale, PA) fitted with a stainless steel column
(2m lengthx 2mm i.d.) packed with 60/80 mesh alu-
mina F-1. Peel tissue samples were stored-&®@°C
until used for extraction of RNA or extraction and anal-
ysis of a-farnesene and CTols. The remaining fruit
were removed from storage at week 20 and kept at
20°C for 1 week prior to visual assessment of scald
incidence.

2.2. Extraction and quantification ei-farnesene
and conjugated trienols (CTols)

Hexane extraction ofi-farnesene and CTols from
each replicate of frozen apple peel tissue was con-
ducted as described iWhitaker et al. (1997with

127
2.3. Extraction and purification of RNA

Frozen apple peel samples (0.2 g) from each repli-
cate were ground in liquid Mo a powder using a mor-
tar and pestle and transferred to 15 ml screw-cap cen-
trifuge tubes, followed by immediate addition of 2ml
of lysis buffer from the RNAqueodd' RNA extrac-
tion kit (Ambion, Inc., Austin, TX). After vortexing
and incubation for 10 min at 2%, the samples were
processed according to the kit protocol. The resulting
RNA preparations were treated with DNAse (TURBO
DNA-free™ from Ambion, Inc.) to remove genomic
DNA, extracted with phenol:chloroform, 1:1 (v/v), and
total RNA was precipitated by addition of one volume
isopropyl alcohol plus 0.1 volume of 3 M sodium ac-
etate, pH 5.5. The precipitated RNA was pelleted by
centrifugation, washed with cold 70% ethanol, and re-
suspended in diethyl pyrocarbonate-treated water.

2.4. PCR amplification and cloning of ‘Idared’
AFS1 cDNA

Primers designed to amplify the coding region of

the exception that 5g tissue samples were immersed:|_aw Rome’ AFS1for in-frame cloning into the pET 3d

in 10ml of hexane. Extractions were performed in
triplicate. A 1 ml aliquot of each 10 ml extract was

transferred to a 2 ml glass vial, the hexane was evap-

orated with a gentle stream of;Nand the residue
was dissolved in 400l of methanol. The methano-
lic samples were analyzed by high-performance liquid
chromatography (HPLC) using a Hewlett-Packard Se-
ries 1100 HPLC system (Agilent Technologies) with

expression vectoRechous and Whitaker, 2004dere
used to amplify and isolate the corresponding ‘Idared’
AFS1cDNA. The forward primer, with the sequence
5'-ATATACCATGGAATTCAGAGTTCA-3/, had the
Ncd site of the vector preceding the ATG start
codon for AFS1 The reverse primer, with the se-
guence 5GCCGGATCCTTAGTTTACAAGAGGTT-

3, included aBanHI restriction site after the stop

a quaternary pump, autosampler, and photodiode ar-codon. PCR was performed usingullof a random-

ray detector (PDA). Sample vials were placed in the
autosampler and 25 aliquots were injected onto
a Luna 5um particle size C18(2) column (250 mm
long, 4.60 mm i.d.) from Phenomenex (Torrence, CA)
and eluted with isocratic methanol:water:acetonitrile,
90:5:5 (v/vlv), at a flow rate of 0.8 mImirt. PDA
monitoring at 232 and 269 nm was used to determine
levels ofa-farnesene and CTols, which eluted at 13.8
and 5.8 min, respectively. HPLC-purifiedfarnesene

primed cDNA population from ‘Idared’ peel tissue
MRNA as template, and was run for 35 cycles with
a 55°C annealing temperature and an extension for
2min at 72C. The Invitrogen Elongas¥ PCR sys-
tem (Invitrogen Life Technologies, Carlsbad, CA) was
used to ensure full-length amplification of the ‘Idared’
AFS1cDNA.

The PCR products were digested to completion with
Ncd and BarHI, and ligated overnight into the sim-

and CTol samples were used as external standards fofjjarly digested pET 3d expression vector. The result-

quantification YWhitaker et al., 199)¢ Concentrations

of these standards were calculated using the molar ex-

tinction coefficientsez3o nm=27,740 fora-farnesene
(Huelin and Coggiola, 198nd e269 nm=42,500 for
CTols (Anet, 1969.

ing recombinant plasmids were transformed into BL-
21 DE3 (RIL) chemically competeriischerichia coli
cells, and individual colonies were selected for expres-
sion and sequencing analyses. A sesquiterpene syn-
thase assay of the soluble protein produced by expres-
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sion of the full-length cDNA in transforme#. coli treated ‘ldared’ fruit were 1.2 and 141~ at weeks

was performed as describedRechous and Whitaker 4 and 20, respectively.

(2004) The incidence of scald in untreated ‘Law Rome’
apples after 20 weeks at 06 plus 1 week at 20C

2.5. Quantitative reverse transcription- was 86+ 5%, whereas 1-MCP treatment prior to stor-

polymerase chain reaction (RT-PCR) age reduced the incidence to less than 1%. Fruit of

‘Idared’ showed no scald with or without 1-MCP
An amount of 2.g of total RNA per sample was  treatment.

used in the Thermoscriff RT-PCR system with
random priming (Invitrogen) to generate cDNA.
Quantitative RT-PCR was performed using the
QuantumRNAM Universal 18S PCR mix (Am-
bion, Inc.) with a 9:1 competimer to 18S primer

pair ratio. The ‘Law Rome’AFS1 gene-specific : \ . :
primers yielded a 461bp PCR product, which in- nontreated ‘Law Rome’ apples increased dramatically

cluded 92bp of the cDNA ‘3untranslated region during the initial 4 weeks of storage, and then contin-
(UTR) and 369 bp of the'3end of the open reading ued to increase linearly through 12 weeks, reaching a

. 1 « .
frame (ORF). TheAFSL1 reverse primer sequence maximum of about 16g g and declining gradu-

was B-CAACAACGTTACAAACTGTAAAG-3/ ally thereafter Fig. 1a). Accumulation ofx-farnesene
and the forward primer sequence WasCRACAA- in peel tissue of nontreated ‘Idared’ apples occurred at

GAATGAAGATCTTTTGTA-3. The 18S universal 2 much slower rate and at 8—12 weeks the concentration
AA . 1 .
primers yielded a 315 bp amplimer. The products of plateaued at about 40y g™, four-fold lower than the

multiplex PCRs of each sample using both sets of maximum Ieve_l In ‘Law Rome". Levgls oi—farnesgne
primers were run on a 1.2% agarose gel and visualized were very low in 1-MCP-treated fruit of both cultivars
by staining with ethidium bromide (0ydg mI-2). The after 4 weeks of storage, but after 20 weeks dhe

PCR products were quantified using a densitometry fgrnesene concentration in ‘Law Rome’ was substan-

1 -
program in the Fluor-8% imaging system (Bio-Rad 'Elr?lt(SO‘%g g_d? and more than four-fold greater than
Laboratories, Hercules, CA). The relative levels aCI'Ir'll are 'It' f treated ‘Law R * fruit
of AFS1 primer products were then normalized 0'S In peeftissue oThontreated L.aw Rome frul

based on the density of the 18S products for each increased very gradually during the first 8 weeks of
storage and then very rapidly from 8 to 12 weeks, reach-

3.2. Accumulation ok-farnesene and CTols in
apple peel tissue during storage

The concentration of-farnesene in peel tissue of

sample. . . .
P ing a maximum concentration of about 3§ g~ that
was maintained until the end of storage at 20 weeks
3. Results (Fig. 1b). In marked contrast, there was very little ac-

cumulation of CTols throughout the storage of non-
treated ‘Idared’ fruit, and the maximum concentration
of0.9ug g1 at 12 weeks was about 33-fold lower than
that in ‘Law Rome’. Pre-storage 1-MCP treatment of
‘Law Rome’ apples greatly attenuated the accumula-
tion of CTols, but low-levels of CTols were present at
20 weeks, when recovery ef-farnesene production
was evident.

3.1. IEC and scald incidence

The mean IECs of ‘Law Rome’ and ‘Idared’ fruit
at harvest were 3.0 and 1.8, respectively. In
‘Law Rome’ control fruit, the mean concentration in-
creased to 27.jl1~1 by week 4, reached a maximum
of 34.8ul1~1 by week 8, declined to 26,91~ by
week 12, and declined further to 1P —1 at week
20. The mean IEC in 1-MCP-treated ‘Law Rome’ fruit  3.3. Nucleotide and encoded amino acid

was 1.1ul I ~t atweek 4, but had increased to ig 1 sequences of ‘Law Rome’ and ‘Idared’ AFS1
by the 20-week sampling time. In ‘Idared’ control fruit,
the mean IECs were 7.6, 5.0, 7.9 and8lB 1 at 4, 8, Sequence analysis determined that the coding re-

12 and 20 weeks, respectively. Mean IECs in 1-MCP- gion of the ‘Idared’/AFS1cDNA (GenBank accession
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Fig. 1. Concentrations ef-farnesene (a), and its conjugated trienol
(CTol) oxidation products (b), antiFS1transcript levels (c), in peel
tissue of nontreated control and 1-MCP-treated ‘Law Rome’ and
‘|dared’ apple fruit stored at 0.5C in air for 0—20 weeks. Fruit
sampled at harvest, control fruit sampled at 4, 8, 12, and 20 weeks,
and 1-MCP-treated fruit sampled at 4 and 20 weeks, are designated
as H, C-4,C-8, C-12, C-20, M-4, and M-20, respectively. Separation
and quantification ok-farnesene and CTols were performed hy-C
HPLC with UV monitoring at 232 and 269 nm, using HPLC-purified
a-farnesene and CTol samples of known concentration as external
standards. The Ambion QuantumR A quantitative RT-PCR kit

was used to determine levels AFS1cDNA relative to the control

18S cDNA. Ethidium bromide-stained gels of the RT-PCR products
were used for densitometric measurements of the amplied1

and 18S cDNA fragments, and the graph bars showAfR§118S

gel band density ratio. Error bars in (a) and (b) represent the standard
deviation of the meam(= 3).
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number AY523409) is more than 99% identical to that
of the AFS1cDNA from ‘Law Rome’ (AY182241),
with only seven nucleotide substitutions in the 1728 bp
ORF. The encoded amino acid sequences of the two
AFS1genes (GenBank accession numbers AAS01424
and AAO22848) were found to differ by only five of
576 amino acids, with two of the pairs of non-identical
amino acids being chemically similar. Two domains
critical to enzymatic function, the DDXXD divalent
cation-binding domain (amino acids 326-330), com-
mon to all terpene synthases, and the R motif
near the N-terminus (amino acids 33-43), common to
the Tps-band Tps-dgene families Qudareva et al.,
2003, are identical in the ‘Idared’ and ‘Law Rome’
AFSlencoded proteins. The soluble protein produced
by expression of the full-length ‘IdareAFS1cDNAIn
transformed. coliyielded >99% E,E)-a-farnesene in
asesquiterpene synthase assay (data not shown), aswas
determined previously for bacterially expressed ‘Law
Rome’ AFS1 Pechous and Whitaker, 2004

3.4. AFSL1 transcript levels in control and
1-MCP-treated fruit

In peel tissue of fruit of both cultivars, expression
of thea-farnesene synthase geAES1lincreased dur-
ing the first 4 weeks of storage, peaked at 8 weeks,
and was strongly inhibited by pre-storage treatment
with 1-MCP (Fig. 1c). Low-level expression was ev-
ident in ‘Law Rome’ fruit at harvest, whereas=S1
transcript was not detected in newly harvested ‘Idared’
fruit. Over the 20 weeks of storage in air at 0G AFS1
MRNA was consistently more abundant (about 2.5- to
4-fold higher) in ‘Law Rome’ than in ‘Idared’ control
fruit. 1-MCP-treated fruit of the two cultivars showed
a similar low-level ofAFS1expression after the initial
4 weeks of storage, whereas after 20 weeks transcript
had increased about four-fold in ‘Law Rome’ but only
slightly in ‘Idared’.

The transient rise in the abundanceA#S1tran-
script in nontreated ‘Law Rome’ apples was plotted
in relation to changing peel tissue concentrations-of
farnesene and CTols over the course of stor&ge 0).

An early increase ilAFS1mRNA preceded a simi-
lar increase inv-farneseneAFS1transcript peaked at
about 8 weeks and then declined, wheredarnesene
peaked at 12 weeks and then declined. Accumulation of
CTol oxidation products af-farnesene began at about
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Our laboratory and others have recently explored
o 1.0 1 the possibility that ethylene regulates transcription and
§ 0.8 translation of genes in the-farnesene biosynthetic
° pathway. Complete or partial cDNAs have been cloned
§ 061 that encode three HMGR isozymes, a farnesyl diphos-
© 0.4 1 phate synthase, and alk, E)-a-farnesene synthase
% 02 | s e AFSTMRNA (Whitaker, 2004 Of these genes, the ethylene-
c | /._,/ [T ocFamesene dependent upregulation of ‘DeliciousiMG2 (Gen-
0.0 {¥~7 : : : Bank accession number AF3161Rjpasinghe et al.,
0 4 8 12 16 20 2007) and ‘Law Rome AFS1(AY182241;Pechous and
Storage at 0.5 °C (weeks) Whitaker, 2004 in the first several weeks of storage
Fig. 2. Changes in the relative levelsAFSImRNA, a-farnesene, is consistent with a key role in the marked increase in

and conjugated trienols (CTols) in peel tissue of nontreated control a-farnesene synthesis. In the present study, we cloned
‘Law Rome’ apple fruit over the course of 20 weeks of storage at the AFS1gene (AY523409) from fruit of ‘ldared’, a
0.5°C in air. _Data points were n_ormalized_ relative to _the highest gcald-resistant cultivar, to enable comparison of its ex-
value determined for each constituent, which was assigned a value pression with that oAFS1in fruit of scald-susceptible
of 1.0.
‘Law Rome’. The results showed that although the
pattern of ethylene-regulatedFS1 expression was
7 weeks and plateaued at about 12 weeks, coincidentquite similar in fruit of the two cultivars, the level
with the decline inx-farnesene. of AFS1transcript was always substantially higher
in ‘Law Rome’ (Fig. 1c). It was also observed that
suppression ofAFS1 expression in 1-MCP-treated
4. Discussion ‘Law Rome’ apples was at least partially overcome
after 20 weeks of storage. The late rise AfFrS1
For about 40 years, the apple industry has controlled transcript coincided with increased IEC in these fruit,
superficial scald by pre-storage treatment of suscep- suggesting recovery of ethylene responsiveness.
tible fruit with the antioxidant DPA, which retards The temporal pattern and level affarnesene ac-
the autoxidation ofx-farnesene Huelin and Coggi- cumulation during storage paralleled the expression
ola, 1968, 1970; Anet and Coggiola, 197and ap- of AFS1in both ‘Law Rome’ and ‘ldared’ fruit
pears to have other beneficial effects on fruit physiol- (Figs. 1a, ¢, and 2 It can be inferred from this that
ogy, including reduced rates of respiration and ethylene translation ofAFSImRNA and consequent FS activity
evolution (Lurie et al., 1989; Du and Bramlage, 1994; were proportional to the abundance AFS1ImRNA,
Whitaker, 2000, 2004 A negative aspect of the DPA  although other pathway enzymes and the levels of sub-
drench treatment is that a fungicide must be included strates may also influence the ratexefarnesene pro-
to limit postharvest decay. Hence, this practice results duction Rupasinghe et al., 20Q1lt is unlikely that
in unwanted chemical residues on the fruit, which has the FS products of the ‘Law Rome’ and ‘Idare&FFS1
prompted the search for alternative methods of scald genes differ in their activity or kinetics, in as much
control. A promising recent development in this effort as the amino acid sequences of the two enzymes are
was the demonstration that pre-storage treatment of ap-more than 99% identical and do not differ in either the
ples with 1-MCP, a blocker of ethylene receptor sites, DDXXD or the RR(Xg)W motif. Generation of FS-
greatly diminishea-farnesene production and largely  specific antibodies and immunoblot analysis of apple
prevented scaldHan et al., 1999; Rupasinghe et al., peel tissue proteins will be required to evaluate trans-
2000aWatkins etal., 2000; Shaham et al., 2D0hese lation versus transcription &fFS1
results showed a direct link between ethylene percep- The maximum concentration af-farnesene was
tion and the burst o&-farnesene synthesis shortly af- about four-fold higher in ‘Law Rome’ than in ‘Idared’
ter apples are placed in low-temperature storage. Thisapples, whereas the maximum concentration of CTols
raised the question of how ethylene stimulates produc- was about 33-fold higher in ‘Law Romé&={g. 1). Thus,
tion of the sesquiterpene. the proportion ofv-farnesene that undergoes autoxida-
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tion during storage appears to be much greater in fruit search grant award No. US-3165-99R from the United
of the scald-susceptible cultivar. Autoxidation @f States—Israel Binational Agricultural Research and De-
farnesene is thought to involve a free radical-mediated velopment Fund (BARD); and federal formula funds
reaction, which increases dramatically once a thresh- received by Cornell University Agricultural Experi-
old level of oxidizeda-farnesene accumulate&riet, ment Station, Project NE-1018, from the Coopera-
1974. The relatively high level of CTol accumula- tive State Research, Education and Extension Service,
tion in peel tissue of ‘Law Rome’ fruit might result  U.S. Department of Agriculture. Any opinions, find-
from rapid depletion of natural antioxidants early in ings, conclusions, or recommendations expressed in
storage Anet and Coggiola, 1974; Whitaker, 2004 this publication are those of the author(s) and do not
and/or much lower peroxidase activity in ‘Law Rome’ necessarily reflect the view of the U.S. Department of
compared with ‘Idared’ peel tissue during storage Agriculture. Mention of trade names or commercial
(Ferrandez-Truijillo et al., 2008 The CTols found in products in this publication is solely for the purpose of
stored apple fruit are a reduced form of the correspond- providing specific information and does not imply rec-
ing conjugated triene hydroperoxide isomers produced ommendation or endorsement by the U.S. Department
during a-farnesene autoxidatiorifiet, 1969; Rowan  of Agriculture. We thank Jackie Nock for assistance in
et al.,, 199%, and it is currently not known how this this project.
reduction to the alcohols occurs. Possibly it involves
an enzyme, in which case activity of the ‘reductase’
could be another factor controlling CTol accumulation
in fruit of different apple cultivars\Whitaker, 2004.
Previous studies have shown a correlation between
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